complexes had a total charge of +10. . The bilayers were symmetrical, comprised of a total of 200 lipid molecules each.
9
Ten Cl -ions were included to neutralize the total charge of each protein-palmitate complex.
0
The systems were solvated with a total of 15000 water molecules each, with 0.1 M KCl.
1
Water was modelled using the TIP3P model system total charge. The total system volume was approximately (7.5 x 7.5 x 12) nm 3 for the 1 4 DMPC:DMPG and (6.5 x 6.5 x 13.5) nm 3 for the myelin membrane systems. Periodic boundary conditions were used to make the bilayer structure continuous. Molecular dynamics (MD) simulations were carried out under NpT conditions. Temperature coupling was performed with the velocity-rescale method 5 1 , using separate thermostats for constants of 2.0 ps and compressibility constants of 4.5 x 10 -5 bar -1 .
2
All bonds were constrained with the LINCS algorithm . Cut-off radii of 1.0 nm were 2 3
introduced for the Coulombic and Lennard-Jones interactions, including the neighbour list.
4
Long-range electrostatics were calculated using the particle-mesh Ewald method cubic interpolation and a spacing of 0.16 nm for the Fourier grid.
6
The simulation systems were built by adding the protein structure near the bilayer and 2 7
solvating the system thereafter. After a short steepest-descent equilibration, the systems were bilayer. This was used as the starting structure, after which the systems were simulated for 3 3 0 µs each. A total of 4 full simulations were run (one for each protein-membrane combination), 3 1 in addition to several shorter simulations on the P2 membrane attachment phase. The first 3 2 500 ns of each simulation were removed as an equilibration period, and the final 2.5 µs were 3 3 used for analyses. All simulations were conducted with GROMACS 4.6.7 CHARMM36 all-atom representation and a time step of 2 fs, saving the trajectory 1 coordinates every 50 ps. P2 spontaneously binds lipid membranes together, as reflected by earlier studies using 1 1 turbidimetry, simulation, and X-ray diffraction
. However, the molecular details of this
phenomenon and the resulting supramolecular structure have remained elusive. Cryo-EM was
used to follow membrane stacking and ordering of proteolipid components in multilayers
induced by P2. P2 induced the formation of highly ordered lipid bilayer stacks, while without P2, only at the edge of a tight apposition is consistently <60 ° ( Figure 1C ). Although P2 is only 15
kDa, it is visible in cryo-EM images as ordered rows of particles between two apposed 1 9 membranes. Based on the calculated 2D class averages ( Figure 1D -G), P2 evidently stabilizes 2 0 the lipid membrane stacks and defines the spacing (~3.0 nm) between two bilayer surfaces.
1
This myelin-like spacing between two apposing lipid bilayers is constant throughout the 2 2 membrane stacks. Based on the P2 crystal structure
, the longest diameter of P2 is 4.5 nm, 2 3
indicating that either some parts of the protein are buried within the bilayer, or P2 is turned 2 4
on its side on the membrane. The repeat distance in the multilayer, containing a 4.5-nm
bilayer and a single layer of P2 molecules, is 7.5 nm. This is shorter than the distance 2 6 measured in solution with X-ray diffraction under more hydrated conditions, and close to the into neighbouring membrane layers, and P2 molecules between the bilayers are at least to 3 1 some extent in register between consecutive layers ( Figure 1G ).
2
Cryo-EM was similarly carried out with the "hyperactive" P38G variant ( Figure 1E ). Neither the bilayer spacing nor protein-lipid organization altered in the presence In order to obtain additional structural insight into P2-membrane complexes, P2 was studied 5 in a bicelle environment. P2 induced turbidity in protein-bicelle suspensions, and EM 6 imaging revealed stacked arrangements of bicelles in these samples (Figure 2A ). Thus, X-ray 7 diffraction was used to gain more information on repetitive structures. In addition to the 8 Bragg peaks originating from membrane stacking repeats of ~7-8 nm, additional diffraction ( Figure 2D ).
4
The distances observed in the experiment changed as a function of P/L ratio. This behaviour is similar, but not identical, to that observed for the P0 cytoplasmic domain, which caused tighter membrane packing at high P/L ratios 3 . For P2, both the lipid and protein concentration affect the repeat distance in a concerted fashion ( Figure 2C ). The distances get shorter when lipid concentration increases, indicating an overall increase in order and tighter 1 9 packing. On the other hand, at the same lipid concentration, shorter distances are observed 2 0 with higher protein amounts. Hence, the protein and lipid components synergistically 2 1 assemble into a compact, ordered, 3-dimensional proteolipid structure. with a collisional mechanism and tight interaction with membranes, we used the crystal 2 5 structure of human P2 to design mutations that might affect membrane binding ( Figure 3A ).
6
The electrostatic surface of wtP2 shows two positively charged faces, at the helical lid domain and the bottom of the barrel structure ( Figure 3B ). The mutations can be roughly hydrophobic surface of helix α 2, and other mutations possibly affecting the portal region.
0
Crystal structures of P2 variants
For a high-resolution insight into the structure-function differences in the P2 variants, their Figure 3C ). None of the to this observation, it is important to note that the three studied CMT disease variants of P2 comparing details between liganded and unliganded P2 ( Figure 3D ). In our earlier study, the 8 P38G mutant contained bound palmitate . In the unliganded crystal structure of P38G, the hydrogen bond between residue 38 and Leu10 also exists in both P38G structures. However, 1 1 helix α 2 at the portal region has slightly shifted outwards from helix α 1 in both chains; a 1 2 similar change is observed in the R30Q mutant, which could be linked to altered
membrane-binding properties (see below). In addition, P38G electron density is poor for
residues 33-37 at the end of helix α 2 of chain B, supporting an increased flexibility/partial
unfolding of the portal region in the P38G mutant in the absence of bound ligand, as seen in . Phe57, as well as the whole β 4-β5 loop of chain A, has somewhat tilted
away from the α 2 helix.
8
All P2 structures excluding P38G have a fatty acid, modelled as a mixture of palmitate or
cis-vaccinate in the atomic-resolution structures crystal contacts. In wtP2, either chloride or citrate interacts with Thr56 and Lys37
. P38G
2 7
and F57A contain chloride and sulfate, respectively . In the CMT-associated P2 mutant
structures, there is a malate located in the anion binding site 3 0
. In line with these data, all P2 2 9 mutant structures solved here have an anionic group bound in the same pocket. These 3 0
observations lend further support to the hypothesis that this pocket may be involved in , suggesting different membrane interaction kinetics 4 for the two proteins with overlapping function.
5
Four P2 mutants showed decreased binding to lipid membranes. One of these is L27D, which 6 affects Leu27 at the tip of the helical lid and reduces the hydrophobicity of the portal region.
7
The other three mutations with reduced binding affinity towards lipid membranes are found 8 in adjacent loops on the opposite face, at the bottom of the β barrel. All these mutations 9 (K45S, K65Q, and R88Q) affect surface residues and reduce the positive charge at the vitro.
3
While some mutations caused diminished binding to the membrane surface, P38G and R30Q
had increased levels of binding. These two mutations are located in the vicinity of the portal compared to wtP2 was more pronounced, when a DMPC membrane was studied. Turbidimetry was used to assess the effectivity of P2 variants in aggregating DMPC:DMPG by SDS-PAGE, P2 co-sedimented with aggregated vesicles, and the strong proteolipid of these were L27D and R88Q; the latter lies in the β 6-β7 loop -in the middle of a large 2 4
positively charged surface patch at the bottom of the β barrel ( Figure 4D ). Hence, again,
residues important for both membrane binding and stacking can be found on both positively 2 6 charged faces of P2.
7
Another turbidimetric experiment was carried out to compare bicelles and vesicles in structures causing turbidity ( Figure 4E ). Such ordered complexes could be a step towards 3 0
higher-resolution structure determination of myelin proteolipid complexes, due to e.g. restrained particle size and geometry. Using the fluorescent fatty acid analogue DAUDA, we followed internal ligand binding to P2 variants ( Figure 5A ). The situation is complicated by the fact that tightly bound fatty acids , it is likely that some of the mutated variants 6 have different affinities towards fatty acids. Most mutant variants showed slightly higher 7 DAUDA signal than wtP2, and P38G was the strongest binder of all variants.
8
We previously proposed cholesterol binding by P2 . The experiment shows that cholesterol, which is very abundant in
myelin, could be a physiologically relevant ligand for P2. These assays together indicate that
protein flexibility is important when P2 binds to its biological ligands.
6
Folding and stability of point mutant variants 1 7 CD spectroscopy was used to analyze the folding and stability of the P2 variants. While most mutations had little effect on thermal stability, P38G had two steps of unfolding, the first one appearing already at 50 °C and the second one only at >75 °C ( Figure 6A ). Another outlier 2 0 was R30Q, which had a slightly lowered stability compared to wtP2. Interestingly, these two their helical lid, compared to wtP2.
4
To elucidate the conformational changes induced by membrane binding, SRCD spectra for bicelles ( Figure 6B ). For wtP2, bicelle binding induced small changes in the SRCD spectrum. hand, P38G, having a higher propensity for membrane interactions, showed larger The 
6
( Figure 6D ). These differences with respect to lipid composition could be related to 7 membrane curvature.
8
Atomistic simulations on P2-membrane interactions 9
To combine aspects of high-resolution structural data and membrane binding, we studied the 1 0
interactions of wild-type and P38G P2 with membrane surfaces using atomistic MD .
4
During the attachment of wtP2 onto the membrane surface, a similar orientation was always 1 5 observed: this involved the positively charged surface close to the bottom of the β barrel.
6
Arg88 is a central residue in initial P2-membrane interactions. While it was expected that 1 7
initial membrane binding would involve the portal region and the helical lid, this orientation,
with the bottom face of the β barrel first approaching the membrane, is reproducible. The observed between lipid compositions. The protein was more rigid when bound to the myelin bilayer, the PIP 2 molecules within the myelin bilayer bound to the tip of the β 5-β6 and β 7-β8 Figure 7D ).
2
The PIP 2 binding site is formed of the side chains of Arg78, Lys79, and Arg96. These results
3
could reflect an important difference between a biological membrane composition and
simplistic membrane models. The electrostatic interactions of wtP2 and P38G were very similar with the membrane lipids 1 during the simulations (Supplementary Figure 1) . The P38G variant similarly attached to the 2 myelin-like membrane surface, being anchored sideways, and opened up even more than 3 wtP2 ( Figure 7B,D) . The portal region, and the expected opening during ligand exchange (containing a single bilayer and intermembrane space) of 7.5 nm. Earlier, a repeat distance of
~9 nm for P2-membrane stacks was measured by X-ray diffraction using DMPC:DMPG in . Bragg peaks in X-ray diffraction experiments support the highly organized cryo-EM samples, with less hydration, might be more relevant to myelin in vivo. Indeed, with intermembrane spacing very close to that seen in the mature myelin major dense line.
4
The spacing between the neighboring P2 molecules between membrane bilayers is constant lattice of P2 between membranes; this is also supported by our X-ray diffraction experiment 2 8 using stacked bicelles, in which -unlike earlier similar experiments using lipid vesicles -we 2 9
see new distances much shorter than those coming from bilayer stacking per se. As these 3 0 distances depend on protein concentration, they correspond to distances between proteins Functional residues revealed by point mutations
The unique ability of P2 to stack lipid membranes requires two membrane-binding sites on . In addition, other portal region mutations stacking. These residues probably interact with negatively charged lipid head groups and, 2 0 together with Leu27, form a membrane anchor of the P2 portal region. We earlier showed 2 1 that the L27D mutation impairs the formation of stacked membrane systems in a cell culture 2 2 system 1 5
.
3
On the other hand, the removal of a positive charge at the opposite end of the β barrel 2 4
(mutations K45Q, K65S, R88Q and K112Q) caused reduced membrane binding and stacking.
5
In MD simulations, R88Q protrudes into the lipid membrane and forms tight interactions with lipid head groups, especially PS in the myelin-like bilayer. However, there are no
hydrophobic residues at the bottom face of P2, and the barrel bottom interaction with the to be deeply inserted into membranes, nor will it undergo large conformational changes.
0
An exception within all P2 mutants concerns P38G. In line with earlier data
, it is more structure of P38G, there is no fatty acid bound, and this mutant is more flexible and has 1 altered dynamics compered to wtP2
. In MD simulations, the fatty acid was observed nearly ; while this could be happening in P2 as well, the 9 R30Q mutation clearly has larger-scale effects on membrane interactions and local folding or
Phe57 is a conserved residue within the FABP family suggested to be a general gatekeeper . Phe57 points outwards in the K65Q crystal structure, and the fatty acid strand might induce the flipping of Phe57. However, the Phe57 flip may be one initial step in
P2 opening, which was observed in MD simulations and structural studies Arg88 appears central to the initial P2-membrane contact, functioning as an anchor. Within . This indicates its possible importance for the membrane stacking function, since other 2 0 collision-type FABPs, bind transiently to single membrane surfaces.
1

Conformational changes and dynamics upon membrane binding 2 2
The binding of P2 onto a myelin-like membrane is accompanied by a conformational change Similar conformational changes were observed for H-FABP during long simulations bound ligand could be exchanged with the apposing membrane in a multilayer, when this 2 8
conformational change occurs.
9
Atomistic simulations of P2 on a membrane surface revealed different behaviour on a 3 0 simplistic model membrane compared to a myelin composition. Importantly, some of the , while P2 becomes extremely heat-stable when bound to membranes dynamics of P2 on a myelin-like membrane in the simulations. 
Concluding remarks 1 3
We have shown that, similarly to P0, MBP, and PMP22, myelin protein P2 is able to
spontaneously induce the formation of myelin-like membrane multilayers. We have for the view into the structure of the major dense line in peripheral nerves. Furthermore, our
observations provide a lipid composition-dependent mechanism for the opening of the P2 feedback and helped shape the research, analysis, and manuscript. diameter is 4.5 nm, the space between membranes 3.0 nm, and the distance between fitted into the assembly. headgroups and proteins are white; scale bar, 5 nm. A. Negative staining EM micrograph of P2-stacked bicelles. Scale bar, 100 nm.
2
B. Bragg X-ray diffraction peaks from P2-stacked bicelles (black) and vesicles (red).
3
The corresponding repeat distances are marked. (right).
E. Turbidity assay of wtP2 with DMPC:DMPG vesicles (red) and bicelles (black). A. Binding of the fluorescent fatty acid DAUDA. C. Concentration dependence of fluorescence at 532 nm. A. RMSF for wtP2 (black) and P38G (red) in 1:1 DMPC:DMPG (thin lines) and myelin 1 lipid composition (thick lines). site are facing the apposing membrane surface in this setting. Arg88 has strong interactions with PS, and these interactions are observed for both wtP2 and 
